ABSTRACT: Laboratory-and field-scale purification tests of raw and diluted winery wastewater (WWW) were carried out using aquatic plants at high organic loads. The laboratory tests were performed using artificial light at 1800 to 1900 lux.
Introduction
The disposal of winery and distillery effluents in streams, creeks, rivers, and on soils involves unacceptable environmental risks. Responsible management of these effluents requires that their potential environmental effects be minimal and within acceptable range. Winery effluents are characterized by pH 4 to 5 and high biochemical oxygen demand (BOD) and chemical oxygen demand (COD) that falls outside the limits set by local authorities. The low pH of winery effluents can partially be ascribed to the presence of organic acids therein, while ethanol and sugars contribute to a high COD. Winery effluents are typically discarded untreated, and, consequently, the result can be environmental pollution that involves contamination of land and water resources. In view of their heavy organic loads, winery wastewater (WWW) should not be delivered directly to municipal wastewater treatment plants or disposal sites without suitable processing or conditioning. The wine industry includes small producers, whose yearly wastewater production and financial resources may not be sufficient to warrant advanced technological treatments (Masi et al., 2002) .
Several criteria should be considered when deciding on a treatment system for WWW. These include an ecofriendly process that is flexible enough to handle various concentration loads and changing characteristics, low capital and operating costs, requirements of minimal labor, and personal attention. In management practices, a number of biological systems have been evaluated for WWW treatment. These include anaerobic digesters (Daffonchio et al., 1998) , activated sludge reactors (Petruccioli et al., 2002) , rotating biological contactor with biofilm communities (Malandra et al., 2003; Petruccioli et al., 2002) , and constructed wetlands (Kerner and Rochard, 2004; Masi et al., 2002; O'Brien et al., 2002; Shepherd et al., 2001) .
The use of aquatic plants in the treatment of domestic wastewater has been the subject of many publications (Kadlec and Knight, 1996; U.S. EPA, 1988; U.S. EPA, 2000; Vymazal, 1995) . Wetlands are designed and operated for wastewater treatment at the secondary and tertiary levels (Campbell and Ogden, 1999; Gopal, 1999; Kadlec, 1995; Kadlec and Knight, 1996) . Several physical, chemical, and biological processes are involved in the transformation and uptake of organic matter and plant nutrients within the wetland (Brix, 1997; Cooke, 1994; Gale et al., 1993; Wiessner et al., 2005a) .
Wetlands, which require low capital cost and are easy to operate and maintain, meet the requirements associated with winery effluents (Masi et al., 2002; Shepherd et al., 2001) . Because wineries are often located in suburban or rural areas, the availability of land to this end poses no problem.
The maximum recommended (U.S. EPA, 1988) organic loading rates for wastewater treatment by constructed wetlands is 0.011 kg BOD/m 2 Á d and 0.02 kg COD/m 2 Á d. Optimal COD removal (0.02 kg COD/m 2 Á d for piggery wastewater), obtained in water hyacinth ponds, was reported by Polprasert et al. (1992) . Shepherd et al. (2001) showed that organic loading rates, typical of WWW treatment, ranged from 0. Relatively few studies have been reported on the use of floating plants for high-organic-load wastewater treatment (Costa et al., 2000; de Casabianca-Chassany et al., 1992; DeBusk et al., 1995; Polprasert et al., 1992; Shepherd et al., 2001; Sooknah and Wilkie, 2004; Whitehead et al., 1987) , and the effectiveness of applying plants to WWW in a concentrated and dilute range of pollutants has not been determined yet. Furthermore, it is of interest to determine the lower bounds of pollutants content, following their removal by floating and emergent aquatic plants, and the conditions under which those bounds can be reached. Constructed wetlands are capable of removing organic constituents, but their optimal level of performance is still unknown. The scarcity of data (Bezbaruah and Zhang, 2005, Tchobanoglous et al., 1989; U.S. EPA, 2000) concerning the effect of circulation and aeration on floating and emergent aquatic plants systems calls for tests on laboratory-and pilot-scale of closed-circuit aquatic plants systems.
The aquatic floating plants selected for this study included water hyacinth (Eichhornia crassipes) and pennywort (Hydrocotyle umbellata). Previous studies have shown that, among the floating macrophytes, the two selected plants were more effective than smallleaf plants, such as salvinia (Salvinia rotundifolia), azolla (Azolla caroliniana), and duckweed (Lemna minor) (Reddy et al., 1983) . As water hyacinth is more sensitive to low temperatures, up to 128C (Clough et al., 1987; Kasselmann, 1995) , pennywort was found to be its effective counterpart for the winter season (Clough et al., 1987) . High application potential of simple wetland systems (Juncus effuses, soft rush plants) for the removal of metals by sulfide precipitation and/or the treatment of sulfate-rich wastewaters, such as acid mine drainage, was shown by Wiessner et al. (2005b) .
In the presence of plants, circulation and aeration each enhance the kinetics of processes that lower the levels of BOD and COD (Zimmels, Kirzhner, and Malkovskaja, 2006) . Based on this fact, the need for control where only aeration is applied was obviated. The improvement of BOD removal kinetics can be attributed to increased mass transfer, which is associated with the flow, and the enhanced aerobic degradation of organic matter resulting from the effect of circulation and aeration. In this work, in the case of diluted WWW (1:1, WWW:freshwater), aeration was applied in the absence of plants.
In this study, the following emergent plants were selected from the list of the most abundant species in Israel: cattail (Typha Latifolia), giant reed (Arundo mediterranea), marshes (Scirpus Maritimus), and rush (Eleocharis palustris). As of this writing, we are not aware of the availability of literature data regarding the use of giant reed for winery wastewater treatment.
Methods and Materials
Floating Plants. Batch Studies. Two sets of experiments were performed in the laboratory (in winter, January to March 2005) Figure 1 -(a) Schematic layout of laboratory setup, and (b) schematic layout of outdoor facilities: (1) reservoir for WWW collection; (2) pipe for WWW delivery; (3) taps; (4) perforated pipes for circulation and dispersion of WWW; (5) containers for WWW treatment and control, from right to left: 1-giant reed (GR) in gravel, 2-gravel (C2), 3-salt marshes with rush (SM+R) in gravel, 4-gravel (C4), 5-cattail (C) plants in volcanic tuff, 6-volcanic tuff (C6), and 7-control; (6) circulation system, including vertical pipe and pump; (7) pipe for drainage of effluent; (8) pipe for WWW overflow delivering; and (9) pipe for WWW collection and drainage. (1) Plant identity abbreviation (i.e., EC for Eichhornia crassipes); (2) Percent of WWW in the treated wastewater; (3) Application of either circulation (C) or aeration (A), and (4) Air flowrate.
The aquatic plants were obtained from natural specimens grown in freshwater ponds in Israel. Batch laboratory experiments (two sets) were performed in identical containers (0.39 3 0.56 m 2 floor area), to test the effect of aeration and circulation ( Figure 1a) . The system was built as a closed-circuit cascade that is operated using a recirculation or aeration mode of WWW. Henceforth, we use the term circulation instead of recirculation for the sake of brevity. The working volume of the containers was set at 46 L. The tests were performed using light at 1800 to 1900 lux (produced by special lamps [OSRAM Concentra, Spot R80 Natura, Molsheim, France] that are suitable for plant growing) in each container during all experiments (day and night). Common practice with plants shows that they need light at 1000 to 5000 lux (Cactus Info, 2007) . The WWW at different dilution levels was used to support the floating plants at different rates of circulation and aeration, which are known to enhance the kinetics of removal of BOD and COD (Zimmels, Kirzhner, and Malkovskaja, 2006) . Three batch experiments were performed in the field. The test duration ranged from 23 to 37 days.
Outdoor Experimental Setup. The experimental setup, which was constructed at the yard of the Civil and Environmental Engineering Department, Technion (Haifa, Israel), was used to test the performance of Eichhornia crassipes under different feed compositions of WWW and freshwater. The tests were performed under daylight intensities (i.e., between 4000 and 8000 lux). To this end, use was made of the pilot pool (floor section 2 3 7 m 2 ) built as a greenhouse. In winter, the water temperature inside the greenhouse was 16 to 188C, an increase of 4 to 58C compared with the outside air. The tests were performed with aeration of the pool.
Emergent Plants. Three containers, used to represent the process occurring in constructed wetlands, consisted of subsurface-flow root-zone systems with emergent plants that grow in a bed media. The construction of these three 1.13 3 0.71 3 0.45 m 3 (L 3 W 3 H) root-zone systems were supplemented with 20 rooted stems of reed, cattail per square meter, and salt marshes with rush, which covered the water surface at high density. These containers and an additional 3 control cells ( Figure 1b) were filled with two kinds of gravel media-crashed calcareous gravel and volcanic tuff, as shown in Table 1 .
To ensure a vertical flow at the cell inlet, perforated pipes (the inlet side) were placed on the surface of the bed medium. A standpipe was set to maintain a water level of 0.45 m in the root-zone system. The seventh container (without plants and bed medium) was used as a control. The time of the tests ranged from 9 to 29 days.
Sample collections and handling procedures were performed in the control and treated WWW, according to the procedures recommended by Standard Methods (APHA et al., 1995) . Samples were drawn from the containers through taps. Each BOD, COD, total suspended solids (TSS), and turbidity result is given as an average of 2 or 3 measurements taken from the same sample.
Winery Wastewater Characteristics. The WWW characteristics are shown in Table 2 .
Experimental Procedures
Batch Studies with Floating Plants. Set 1. This set was comprised of 11 batch experiments. In 8 containers (4 per each plant species), WWW, either raw or diluted to different degrees, was used to support the Eichhornia crassipes (EC) (15 pieces per container) and Hydrocotyle umbellata (HU) plants, which covered the water surface completely (without an acclimatization stage). Three containers (without plants) were used as controls. No control was available in the 1:1 WWW:freshwater test. Water composition and circulation and aeration conditions are specified in Table 3 ( Figure 2 ). Set 2. This set was comprised of 11 batch experiments. As in set 1, diluted WWW (1:1 WWW:freshwater) was used to support the Eichhornia crassipes and Hydrocotyle umbellata plants, which covered the water surface completely. Three containers (without plants, including aeration and circulation) were used as controls. Water composition and circulation and aeration conditions are specified in Table 4 ( Figure 3 ).
The average wastewater temperature during sampling (sets 1 and 2) of the raw and diluted WWW was 158C. The average minimum and maximum ambient temperatures during the study period were 11.4 and 19.58C, respectively.
Outdoors Experimental Pool-Set 3. Initially, fresh tap water was used to support the Eichhornia crassipes plants; then, following the dosage of WWW and mixing, the excess water was withdrawn to set the mixture volume back to the operating level of 4.2 m 3 in the pool. The WWW was added in 3 different cycles during the 59-day experimental period. The dosage sequence is shown in Figure 4 .
Batch Studies with Emergent Plants. Sets 4 to 6. Each set was comprised 4 to 7 batch experiments. The WWW was used to support the giant reed (GR) plants in the first container, the salt marshes with rush (SM1R) plants in the third, and the cattail (Ca) plants in the fifth container. Three containers (numbers 2, 4, and 6 [without plants]), which were filled with bed medium, were used as controls. The seventh container (without plants and bed medium) was also used as a control. Water composition and circulation conditions are specified in Tables 5 and 6 (Figures 5 to 7) . Set 7. The seventh set of field experiments was performed with 4 identical (1.13 3 0.71 3 0.45 m 3 ) containers. The system was built as a closed-circuit cascade that is operated using a prescribed mode of WWW dosage (Figure 8) . First, the seventh container was filled with WWW, and then 50% of the WWW was pumped to container 4, which was used as a preliminary filter. Then, over a period of 1 hour, WWW was pumped to container 3, and, after filling it, pumping continued to container 1. After that, containers 4 and then 3 were filled again by pumping the WWW from container 7. From container 1, WWW was pumped back to container 7. Operating the closed circuit continuously produced circulation of WWW (containers 7, 4, 3, and 1) at a fixed flowrate of 192 L/h (3.2 L/min). The WWW (90 L) was added on day 4 only to container 7 (after 90 hours of WWW circulation). After 5 days, containers 4 and 7 were excluded from the closed circuit, which then consisted of containers 3 and 1. Note that the WWW was used to support the giant reed plants in container 1 and salt marshes with rush plants in container 3. The experimental and circulation conditions are specified in Table 7 (Figure 9 ).
Results
Batch Studies with Floating Plants. Set 1. The COD removal followed a similar pattern (Figure 2c ). After 9 days in the presence of Eichhornia crassipes and Hydrocotyle umbellata plants and circulation, the COD decreased (from its 5617-mg/L initial value in the raw WWW) to 1682 and 2542 mg/L compared with 2397 and 2658 mg/L without circulation and 3355 mg/L in the control (with no plants and no circulation). After 14 days with plants and circulation, the COD decreased to 1165 to 1907 mg/L; the corresponding result without circulation was 2961 to 3231 mg/L compared with 4415 mg/L in the control and 2489 mg/L in the test without plants and no circulation.
The circulation had an effect of decreasing the COD further (beyond the values obtained with no circulation) by 18.8 and 36.8% for the Eichhornia and Hydrocotyle plants, respectively. Note the enhanced COD removal kinetics resulting from circulation. For example, with circulation of raw WWW, a level of 1682 mg/L (2200 mg/L in the control) was reached after 9 days of treatment in the presence of Hydrocotyle, while 23 days were required to reach 1907 mg/L (2200 mg/L in the control) with Eichhornia and circulation. This compares with the 3400-and 4400-mg/L values that were obtained in the control with no circulation after 9 and 23 days, respectively.
In the case of diluted (1:1 WWW:freshwater) WWW, COD levels as low as 95.7 to 106.4 mg/L were reached after 23 days of treatment with aeration and in the presence of Eichhornia and Hydrocotyle plants, respectively (Figure 2d ). Increased dilution (1:3 WWW:freshwater) of the WWW produced even lower COD levels of 78 and 83 mg/L after a shorter period of 16 days of treatment with aeration (1762 and 1872 mg/L initial value), in the presence of Hydrocotyle and Eichhornia plants, respectively. A higher COD level of 326.8 mg/L was obtained without aeration. Thus, in this case, 95.9 to 97% of the COD was removed in the presence of Hydrocotyle and Eichhornia plants, whereas, in the control, only 51.7% of the COD was removed.
A similar response of turbidity to the effect of plants and circulation was observed. After 16 days with plants and circulation ( Figure 2e ), the initial level of 450 nephelometric turbidity units (NTU) decreased to 20 to 45 NTU. In the presence and absence of circulation (control containers), the corresponding turbidity levels were 140 and 100 NTU, respectively. The turbidity removal kinetics was different compared with the BOD and COD, being faster in the first 9 days. For example, with circulation, a level of 25.6 NTU was reached after 9 days of treatment, while 16 days were required to this end without circulation in the presence of Eichhornia plants. In the raw WWW with circulation, the turbidity levels were lowered by 82.2 to 92.4%, as a result of to the presence of Hydrocotyle and Eichhornia plants, whereas, in the control, only 66.9% of the turbidity was removed. In the case of 1:1 WWW:freshwater dilution of the WWW (Figure 2f ), the initial levels of 190 to 200 NTU decreased to 1.5 to 3.5 NTU after 16 days with plants and aeration. Raising the dilution to 1:3 WWW:freshwater in the presence of Hydrocotyle and Eichhornia plants facilitated removal of 98.8 to 99.1% of the turbidity, while 83.3% applied to the control.
A similar response of TSS to the presence of the plants was observed. In the case of raw WWW, TSS levels of 50.6 and 76.6 mg/L were reached (from its 311 and 353 mg/L initial values) after 16 days of treatment with circulation and in the presence Eichhornia and Hydrocotyle plants, respectively (Figure 2g ). In the absence of plants and aeration, the TSS was lowered to 157.6 mg/L (and was 85.6 mg/L in the control). In the case of 1:3 WWW: freshwater dilution of WWW, a low TSS level of 1.6 to 2.6 mg/L was reached (from its 88 to 89 mg/L initial value) after 16 days of treatment with aeration and either Hydrocotyle or Eichhornia plants. With no aeration, a higher level of 39.6 mg/L was obtained (Figure 2h ). In the 1:1 and 1:3 dilution range of WWW:freshwater, 89.8 to 99.1% of the TSS was removed after 23 days in the presence of Hydrocotyle and Eichhornia plants, whereas nearly 15.2% of the TSS was removed from the control. Data regarding the status of plants and levels of phosphorus, ammonium, and pH are summarized in Table 8 . In raw WWW, at levels of 5600 mg/L COD, both Eichhornia crassipes and Hydrocotyle umbellata failed to grow. However a 1:1 WWW:freshwater dilution of WWW safeguarded their successfull growth. In the presence of Eichhornia crassipes, aeration, and circulation, 23 days of batch growth were required to reduce the ammonium by nearly 100% and the total phosphorus by 43.3 to 53%. The same growth period with Hydrocotyle umbellata, aeration, and circulation reduced the ammonium once more by nearly 100%, but, in contrast, the total phosphorus increased by 20.6 to 30.7%. In all tests, the pH level showed a slight increase.
Set 2. At 1:1 WWW:freshwater dilution, the COD removal kinetics in the initial 5-day period was different compared with that of the BOD (Figures 3c and 3d) . From day 6, the COD removal followed a similar pattern. After 23 days in the presence of plants and aeration, the initial level of 1933 to 2050 mg/L decreased to 212 to 265 mg/L compared with 1430 mg/L in the control and 371 mg/L when 3.5-L/min aeration was applied. Compared with the circulation with plants, removal of pollutants with plants and aeration was faster.
A similar response of turbidity to aeration was observed. After 23 days with plants and 0.4-L/min circulation (Figures 3e and 3f) , the initial level of 70 to 88 NTU decreased to 3.2 to 3.9 NTU. In the absence of aeration, but with circulation in the control, the turbidity level reached 6.9 to 15 NTU. After 15 days with plants and the same aeration, the TSS decreased from its 75.6-mg/L initial value to 1.6 to 5.6 mg/L compared with 40.6 mg/L in the control and 14.6 mg/L with aeration only (graphic data not shown). In summary, low aeration rates were found to enhance the kinetics of BOD, COD, TSS, and turbidity removal.
Field Studies with Floating Plants-Set 3, Outdoor Setup. Three dosages of WWW (1.2, 1.3, and 0.8 m 3 ) were administered (Figure 4a ), so that a total of 3.3 m 3 was treated in this test. The plants were capable (under spring conditions, with air temperatures up to 208C) of holding the BOD below 10 mg/L and the COD below 70 mg/L in the pool (Figures 4a and 4b ). The turbidity level was kept below 2 NTU compared with its 50 to 70 NTU initial content (Figure 4c ). The expected jump resulting from the WWW dosage does not show in Figure 4 , because the next sample was taken after few days. Notwithstanding the considerable changes and fluctuation of the feed and treated WWW quality, the pilot-scale test confirmed the capacity of the plants to purify the water effectively and hold reasonably low levels of BOD, COD, and turbidity.
Field Studies with Emergent Plants. Set 4. Figure 5 depicts the results of (a) BOD and (b) COD versus time. The average air temperature was 15.48C. Figure 5a shows that, at 1:1 WWW: freshwater, after 4 days, the plants cattail and salt marshes with rush are capable of decreasing the BOD from 1372 and 1000 mg/L to 573 and 352 mg/L (58.2 and 64.8% removal), respectively. The plants salt marshes with rush are more efficient compared with the control (gravel, 42.2% removal). After 9 days in the presence of salt marshes with rush plants, the BOD decreased (from its 1000-mg/L initial value) to 7.7 mg/L (99.2% removal). This can be compared with 169 mg/L in the control consisting of gravel without plants and 515.5 mg/L in the control with no gravel and plants. No further decrease of BOD below 10 mg/L was observed. Figure 5b depicts the typical results of COD versus time, obtained with an initially higher level (over 5000 mg/L) of this water quality indicator. After 9 days in the presence of giant reed plants, the COD decreased (from its high 11 770-mg/L initial value) to 5810 mg/L. Without plants, the decrease (resulting from the action of the gravel) was from 9490 to 4850 mg/L, while, in the control (with no gravel and plants), the decrease was from 9050 to 7700 mg/L. With salt marshes and rush plants (Figure 5b ), the COD decreased (after 9 days) from its 5062-mg/L initial value to 89 mg/L (98.2% removal). This consituted one of the best results obtained concerning the purification kinetics and the final COD level.
Figures 5a and 5b demonstrate the role of plants compared with that of the bedding (i.e., in increasing the BOD and COD removal). For example, after 9 days, in the presence salt marshes with rush plants, the additional decrease in BOD and COD (over that of the bedding) was 160 and 473 mg/L, respectively.
Set 5. Figure 6 depicts the results of COD versus time for slightly diluted WWW (1.5:1 WWW:freshwater). This dilution was the result of 138.1 mm of rainfall. The average air temperature was 12.78C. Figure 6 shows that the plants giant reed and salt marshes with rush are capable of decreasing the COD from record high values of 16 460 and 9830 mg/L to 2870 and 3870 mg/L (82.6 and 60.6% removal) after 24 days, respectively. Note that observing the nearly linear decrease of the COD, the average daily removal rate, starting from 16 460 mg/L, was high, at 566 mg/L. The giant reed plants are more efficient compared with the control (gravel, 56.5% removal). In the control-gravel test without plants, the COD decreased after 24 days, from the 16 878-mg/L initial value to 7340 mg/L. This confirmed the observation that, compared with the control, removal of pollutants with plants was significantly faster and more efficient.
Set 6. Figure 7 depicts the results of (a) COD, (b) pH, and (c) electroconductivity (ElC) versus time. The dilution (1.5:1 WWW: freshwater) was the result of 142.6 mm of rainfall. The average air temperature was 11.58C. Figure 7a shows that the plants giant reed and salt marshes with rush are capable of decreasing the COD from the high initial level of 12 230 and 6570 mg/L to 4570 and 3770 mg/L (62.6 and 42.9% removal) after 11 days, compared with 6540 and 6990 mg/L in the control (41.7 and 16.9% removal), respectively. Note that, in the case of giant reed, the daily removal rate in the first 3 days was nearly 2000 mg/L. After 15 days in the presence of salt marshes with rush plants, the COD decreased to 2750 mg/L compared with 6010 mg/L in the control-gravel without plants. After 29 days, virtually all the excessive initial loads were removed and the COD was decreased (by giant reed and salt marshes with rush plants) to 105.9 and 45.2 mg/L (99.1 and 99.3% removal), respectively. This is one of the most significant results of the present work, which was registered as part of a provisional patent (Zimmels, Kirzhner, and Schreiber, 2006) . Figure 7a demonstrates the role of plants in enhancing the COD removal beyond the level obtained with the bedding (i.e., in the control). For example, the presence of giant reed and salt marshes with rush plants facilitated further reduction of 3640 and 3250 mg/L in the COD (relative to the control), respectively.
Figures 7b and 7c depict the evolution of pH and electroconductivity versus time. The pH level in the control/gravel systems increased from approximately 6.12 to 6.46 to approximately 7.41 to 7.09 ( Figure 7b ) and from 5.82 to 7.92 and 6.65 to 7.66, in the presence of giant reed and salt marshes with rush plants, respectively. An average pH of 7.82 was recorded for the giant reed plant cultures.
Measurements that relate to salinity were taken by recording the level of electroconductivity. The initial electroconductivity of the raw WWW, 2.6 to 3.3 mS/cm, decreased to 1.6 to 2 mS/cm in the presence of plants and rainfall and 2.1 mS/cm in the control/ gravel systems, respectively (Figure 7c ). The lower electroconductivity levels, resulting from the effect of rain and biological activities, was similar in both controls. The time variation of electroconductivity showed a strong fluctuations on days 8 and 12. From day 5, the electroconductivity was lower in the presence of plants (except for day 15), reaching a level of 1.5 mS/cm on day 29. The fluctuation was approximately 1 mS/cm, and, after 29 days, the low level of day 8 was reached again with salt marshes with rush. In the control systems, the fluctuations were smaller, and the final electroconductivity value exceeded 2 mS/cm. Set 7. Figure 9 depicts the results of (a) BOD and COD and (b) electroconductivity versus time. The average air temperature was 11.58C. The WWW input characteristics are shown in Table 9 . These t 5 0 values are not shown in Figure 9 . The figure shows data starting from t 51 hour, as a result of the need to establish a homogeneous WWW mixture as a staring point. After 1 hour from the start of the test (before circulation), these characteristics were changed, as shown in Table 10 .
The values of BOD, COD, and electroconductivity at t 5 1 hour are shown in Figure 9 . Figure 9a shows that the salt marshes with rush and giant reed are capable of decreasing the BOD from 2250 and 2270 mg/L (observed 16 hours after the start of the test) to 800 mg/L (64.4% removal) after 90 hours of treatment. The 90-L WWW dosage (administered after 90 hours) increased the BOD to 876 and 914 mg/L, respectively (sampling after 120 hours). Note that sharp changes of WWW characteristics are not shown in Figure 9 , because the next sampling was after 30 hours. After 11 days (264 hours) in the presence of salt marshes with rush plants, the BOD decreased to 14 mg/L, compared with 19.6 mg/L in the presence of giant reed plants. Figure 9a demonstrates the role of cascade filter and plants, compared with single containers with plants, in further enhancing the BOD removal. For example, in the presence of the filter, giant reed and salt marshes with rush plants facilitated reduction of BOD (from the initial level of 2250 to 2270 mg/L) to 14 to 20 mg/L in 11 days of treatment, respectively.
A similar response of COD in the cascade scheme was observed. Figure 9b shows that the plants giant reed and salt marshes with rush are capable of decreasing the COD from 8890 and 8270 mg/L (obtained 16 hours after the start of the test) to 5660 and 5430 mg/L (36.3 and 34.3% removal) after 90 hours. At 120 hours, the 90-L WWW dosage increased the COD to 6180 and 6050 mg/L. After 11 days (264 hours) in the presence of salt marshes with rush plants, the COD decreased to 96 mg/L compared with 115 mg/L in the presence of giant reed plants. Figure 9b demonstrates the role of cascade filter and plants, compared with single containers with plants, in further enhancing the COD removal. For example, in the presence of the preliminary filter, giant reed and salt marshes with rush plants facilitated reduction of COD to 115 and 96 mg/L in 11 days of treatment, respectively, or 105.5 mg/L, on average.
The electroconductivity change kinetics (Figure 9b ), in the initial 5-day period, was different compared with that of the BOD and COD (Figure 9a ). After 14 days in the presence of plants in containers 1 and 3, the level of 2.4 mS/cm (obtained after 16 hours from the start of test) decreased to 2.1 mS/cm compared with 2.6 mS/cm in the preliminary filter (container 4, data not shown in Figure 9b ). Data regarding the levels of phosphorus, ammonium, turbidity, and pH are summarized in Table 11 .
The data presented in Table 11 may be explained as follows. Container 4, which served as a filter in the first period, was removed after 5 days from the closed circuit, which then consisted of containers 3 and 1. This lowered, to a minimum, removal of phosphorus, ammonium, and turbidity.
Discussion and Conclusion
Growth of the floating aquatic plants was affected by the dilution of the WWW. Note that, in the case of sewage, aeration was found to have small effect on plant growth (Zimmels, Kirzhner, and Malkovskaja, 2006) . In raw WWW, the Eichhornia leaves turned light to yellow green compared with dark green in the 1:1 WWW:freshwater dilution. The latter behavior was similar to that of emergent plants in the raw WWW. The leaves of Hydrocotyle plants started crisping and browning by the second day of growth in the raw WWW. In general, this agrees with results available from literature. For example, similar symptoms of stressed plants are described by Haller et al. (1974) , in a study conducted on the effect of salinity on the growth of aquatic macrophytes, and Sooknah and Wilkie (2004) , who considered the effect of aquatic macrophytes on the water quality of dairy manure wastewater. The highly contaminated, raw WWW inhibited growth and eventually killed all tested vegetation of aquatic floating macrophytes. Therefore, treatment of WWW by floating aquatic plants needs preliminary acclimatization of plants in diluted WWW. Richardson et al. (1988) considered that, in aquatic systems, photosynthesis increases both redox potential and pH values by oxygen evolution and carbon dioxide uptake. The improvement of BOD and COD removal kinetics can be attributed to increased mass transfer, which is associated with the flow, and the enhanced aerobic degradation of organic matter resulting from the effects of circulation. These results are in agreement with those reported in the literature (Tchobanoglous et al., 1989; Turrel and Leeds-Harrison, 2004; U.S. EPA, 1988 U.S. EPA, , 1993 . Circulation and aeration enhances the kinetics of the processes that lower the levels of BOD, COD, and turbidity. This means that the organic loading rate may be increased without the need to extend the active treatment area, while maintaining the same quality of purified water. In this context, the increased aeration, from 0.4 to 3.5 L/min, was found to enhance the kinetics of average BOD and COD removal.
Data of organic loads obtained in this study were compared with those reported by Cossu et al. (2001) concerning the treatment of raw and pretreated leachate from municipal sanitary waste, with four vegetable aquatic and terrestrial species, at different organic loads. Best results, in terms of COD and BOD removal, were obtained for raw leachate with 2-g/m 2 Á d COD in free water surface wetlands (Cossu et al., 2001) , while lower removal rates of 1.5-g/m 2 Á d COD and 0.75-to 1.0-g/m 2 Á d BOD were reported for WWW. The percentage reduction of nutrients and physicochemical parameters of the WWW, in the various treatment methods that were examined toward the end of this study, demonstrate the potential of both floating and emergent plant cultures for use in diluted WWW remediation. The phosphorus reduction rates in the presence of Eichhornia plants were superior compared with those obtained with Hydrocotyle plants. The longer and more extensive root system of Eichhornia plants (compared with Hydrocotyle) seems to be a significant factor that enhanced its capacity to remove phosphorus. This agrees with the known ability of the Eichhornia to absorb, accumulate, and translocate metalic, organic, and inorganic substances through its roots (Pinto et al., 1987) .
Maximal average values of BOD, COD, TSS, and ammonium for different kinds of wastewater, treated by aquatic plants, are listed in In terms of BOD, COD, suspended solids, and turbidity reductions, emergent plants performed better than floating aquatic plants in improving the water quality of diluted WWW. For example, the highest rates of BOD and COD removal among the plant cultures were achieved with rushes and reeds at 1:1 and 1:2 dilution. After 8 to 10 days of treatment of the raw WWW, the COD was reduced only by 60 to 62%, while, for diluted (1:1 and 1:2 WWW: freshwater) WWW, removals of 99% and 96 to 98% BOD and COD were recorded, respectively. Maximum reduction in electroconductivity of 38% was obtained in raw WWW by a combination of salt marshes with rush plant cultures. Electroconductivity reduction has been reported mainly for Eichhornia plants. Moorhead (1986) found that, for an initial electroconductivity level of 2.3 mS/ cm, a decrease of 1.1 mS/cm (48% reduction) was obtained in a 22-day hydraulic retention time, with plant culture grown on the effluent. Trivedy and Gudekar (1987) reported a decrease of electroconductivity from 3.75 mS/cm to 1.72 mS/cm (46% reduction) when the Eichhornia plants were grown in textile wastewater, at a 4-day hydraulic retention time. Electroconductivity reductions of 52 and 89% for Eichhornia plants cultured in raw and diluted dairy manure wastewater, respectively, were reported by Sooknah and Wilkie, (2004) .
The potential use of aquatic and emergent plants for the purpose of improving water quality of WWW in Israel, in the context of artificial wetland systems with the options of circulation and aeration, is demonstrated in this work. Emergent plants enhance the available range of treatment and kinetics of the processes that lower the levels of BOD, COD, and turbidity (Figures 5 to 7) . This means that the range of treatable WWW is extended, and the organic loading rate may be increased without the need to extend the active treatment area, while maintaining the same quality of purified water.
The plants (salt marshes with rush) are capable (within the test time) of lowering major water quality variables, characteristic of highly contaminated WWW, to levels required by national guidelines for industrial wastewater (see the Winery Wastewater Characteristics section). This was verified on laboratory and field scales. In this work, a new plant species was found to be capable of withstanding and lowering record levels of COD in WWW.
Note that the combination of salt marshes with rush proved to be more robust and resistant to the effect of time (i.e., for long WWW treatments [approximately 4 months]). Because of better WWW flow conditions, 5-to 10-mm gravel fractions were more effective compared with the ,5-mm fraction.
Compared with the control containers, the units with plants, in most cases, provided better performance and lower effluent concentrations. The results obtained in this work are consistent with those of Tanner et al. (1995) , who concluded that BOD removal in planted units was greater than that in unplanted units, especially at high loading rates. At low loading rates, there is agreement with Klomjek and Nitisoravut (2005) . As reported elsewhere (Brix, 1997; Hammer, 1992; Kadlec and Knight, 1996) , macrophytes are known to accelerate the performance of the constructed wetlands by several mechanisms.
The aquatic emergent plants treatment technology appears to have the following potential advantages:
(1) Physicochemical-high sorption characteristics; (2) Biological-high rate of reproduction; (3) Technological-high rate of treatment in relatively short adaptation time and capacity to treat record high organic loads; and (4) Economical-low cost of installation, maintenance, and operation. 
